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Determining optimal forest management to provide multiple goods and services, also referred to as 26 
Ecosystem Services (ESs), requires operational-scale information on the suitability of the forest for 27 
the provisioning of various ESs. Remote sensing allows wall-to-wall assessments and provides pixel 28 
data for a flexible composition of the management units. The purpose of this study was to 29 
incorporate models of ES provisioning potential in a spatial prioritization framework and to assess 30 
the pixel-level allocation of the land use. We tessellated the forested area in a landscape of 31 
altogether 7,500 ha to 27,595 pixels of 48×48 m2 and modeled the potential of each pixel to provide 32 
biodiversity, timber, carbon storage, and recreational amenities as indicators of supporting, 33 
provisioning, regulating, and cultural ESs, respectively. We analyzed spatial overlaps between the 34 
individual ESs, the potential to provide multiple ESs, and tradeoffs due to production constraints in a 35 
fraction of the landscape. The pixels considered most important for the individual ESs overlapped as 36 
much as 78% between carbon storage and timber production and up to 52.5% between the other 37 
ESs. The potential for multiple ESs could be largely explained in terms of forest structure as being 38 
emphasized to sparsely populated, spruce-dominated old forests with large average tree size. 39 
Constraining the production of the ESs in the landscape based on the priority maps, however, 40 
resulted in sub-optimal choices compared to an optimized production. Even though the land-use 41 
planning cannot be completed without involving the stakeholders' preferences, we conclude that 42 
the workflow described in this paper produced valuable information on the overlaps and tradeoffs of 43 
the ESs for the related decision support. 44 
 45 
Keywords: Forest inventory; Remote sensing; Spatial multi-criteria decision analysis; Multi-attribute 46 
utility theory; Zonation  47 
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1. Introduction 48 
 49 
Forest bioeconomy stimulates new industries to replace fossil-based materials using forest biomass 50 
for products such as bioenergy, chemicals, polymers, and wood-based structures (Puddister et al., 51 
2011; Hannerz et al., 2014). The increased requirements to use forest biomass call for long-term 52 
considerations of the sustainability of and possible influences on the ecological, economic, cultural 53 
and social resource supply. The numerous goods and services provided by forests, such as habitats, 54 
biological diversity, recreational uses and other environmental functions in addition to the biomass 55 
and wood-based products, are broadly referred to as forest Ecosystem Services (ESs) (Constanza et 56 
al., 1997; Daily et al., 1997). 57 
 58 
Excluding forest areas managed for the provision of specific ESs such as protection of water 59 
resources or erosion control (Krieger, 2001), the primary management objectives of a typical 60 
Scandinavian boreal forest are most often related to providing timber, habitats, recreational 61 
amenities (e.g., Kangas et al., 1992, 2008), and more recently, carbon storage or sequestration 62 
(Pukkala, 2016). These ESs can be categorized as in Table 1 following the classification of the 63 
Millennium Ecosystem Assessment (MEA, 2005). Even though an aggregate provisioning of several 64 
and parallel ESs is usually preferred over exclusive objectives related to single ESs (Hänninen et al., 65 
2011), Table 1 illustrates the dimensions of the multiple criteria decision problem at hand: how to 66 
allocate a forest area to the production of various ESs, which differ in terms of rivalry and 67 
excludability (Wunder and Jellesmark Thorsen, 2014), require different forest management practices 68 
(Pukkala, 2016), and provide different benefits depending on the properties of the forest site and 69 
the objectives of its owner. When the preferences of the decision maker are known, rather generic 70 
tools can be applied to support the decision making based on the available data. Two broad 71 
categories of methods are presented in the literature (cf., Kangas et al., 2008): multiple criteria 72 
decision analysis (MCDA) for discrete and optimization for continuous problems, the applications of 73 
4 
 
which are reviewed in a forestry context by Uhde et al. (2015) and Pukkala (2008), respectively, and 74 
by Langemeyer et al. (2016) regarding ES assessments in general. 75 
 76 
[ TABLE 1 AROUND HERE ] 77 
 78 
To integrate multiple ESs in forest management planning, the benefits provided by the different 79 
services must be numerically described, assessed in the same scale and modeled according to 80 
measurable forest attributes (Pukkala, 2008). Although estimating the benefits in terms of monetary 81 
values is common (Troy and Wilson, 2006; Nelson et al., 2009; Bottalico et al., 2016), it may also be 82 
criticized due to methodological heterogeneity that produces uncertainties in the obtained results 83 
(see, e.g., D’Amato et al., 2016). Alternative methods build upon the Multi-Attribute Utility Theory 84 
(MAUT), in which a utility (or priority or benefit) function is a mathematical transformation that 85 
associates a utility with each alternative so that all alternatives may be ranked (Cohon, 1978). Such 86 
functions are most often used to estimate the preferences of a decision maker (e.g., Keeney and 87 
Raiffa, 1976). However, by quantifying all alternative forest management objectives in terms of the 88 
utility functions, both the qualitative and quantitative objectives can be analytically evaluated and 89 
compared with respect to the impacts on the overall and objective-specific utility (Kangas, 1993; 90 
Pukkala and Kangas, 1993). Utility functions that use forest mensurational parameters as predictors 91 
have been formulated for forest planning situations including habitat (Kangas et al., 1993a; Kurttila 92 
et al., 2002), landscape (Kangas et al., 1993b; Pukkala et al., 1995), or multiple ES related objectives 93 
(Pukkala and Kurttila, 2005; Hurme et al., 2007; Schwenk et al., 2012). Deriving utility functions with 94 
spatial criteria based on Geographical Information Systems (GIS) has also been proposed for both 95 
the MCDA (Store and Kangas, 2001) and optimization (Packalén et al., 2011). 96 
 97 
Information on the production possibilities may have been available for political decision making of 98 
very large areas (e.g., Backéus et al., 2005), but rarely in the operational (compartment) scale due to 99 
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the high data acquisition costs involved in conventional field inventories. Recent developments of 100 
remote sensing (RS) technologies have brought spatially explicit estimates of various forest 101 
inventory, structure and habitat related parameters available for vast areas (Tomppo et al., 2008a,b, 102 
2014; Maltamo et al., 2014; Barrett et al., 2016). For instance, generalizing field plot measurements 103 
using coarse- or medium-resolution RS and other numeric map data, referred to as Multi-Source 104 
National Forest Inventory (MS-NFI; Tomppo et al., 2008a) has been used to generate pixel-wise 105 
(Tuominen et al., 2010) or aggregated (Mäkelä et al., 2011) maps of biomass-related attributes, 106 
carbon storage (Akujärvi et al., 2016; Mononen et al., 2017), biological diversity (Lehtomäki et al., 107 
2009, 2015; Räsänen et al., 2015), habitats (Vatka et al., 2014; Björklund et al., 2015) or berry yields 108 
(Kilpeläinen et al., 2016). Applying RS data to analyze multiple forest ESs, Frank et al. (2015) 109 
evaluated the biomass provisioning potential and tradeoffs for other ESs, when the land use of a 110 
region located in Germany was expected to change according to climate-adapted management 111 
scenarios. Sani et al. (2016) carried out a spatial MCDA based on multi-source data and expert 112 
knowledge to rank alternative land uses in a mountain forest in Iran. Matthies et al. (2016) assessed 113 
intra-service tradeoffs within the Payments for Ecosystem Services (PES) scheme based on the 114 
Finnish MS-NFI data. Schröter et al. (2014) examined tradeoffs between timber production and 115 
pooled biodiversity and other ES features using a pixel size of 500 × 500 m2. Despite the successful 116 
examples of using RS-based inventory data for the assessment of multiple ESs, we are not aware of 117 
results that would allow formulating management prescriptions at the level of operational 118 
management units (e.g., forest compartments). 119 
 120 
In summary, even though RS-based data often describe the ESs as indirect proxies (Andrew et al., 121 
2014), such maps may enable to spatially identify areas which differ with respect to the supply of the 122 
ESs and thus require different forest management (cf., Pukkala 2016). Applying the RS-based proxies 123 
of the ESs in multi-objective forest management (e.g., Davis et al., 2001) of private forests produces 124 
specific, unsolved research questions, in addition to those generally present in integrating ESs in 125 
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landscape planning (de Groot et al., 2010). In Europe, private forest owners hold 51% of the total 126 
forest area (FOREST EUROPE, 2015), this percent increasing towards northern Europe (Finland, 127 
Norway, Sweden). The derived management plan should instruct the forest owner on which 128 
silvicultural treatments to perform on individual forest compartments, typically 1.5–2 ha in size in 129 
Finland (Koivuniemi and Korhonen, 2006), to reach the overall objectives for the forest property. 130 
Applying existing models (Table 1) to the RS-based inventory data would allow wall-to-wall 131 
assessments of the provisioning potential of multiple ESs presented as a grid of pixels with a 132 
fraction-of-hectare scale, i.e., in a considerably more detailed resolution than the current 133 
operational compartments. This is expected to allow formulating management units that are more 134 
efficient in utilizing the production possibilities of the forest compared to conventional stands with 135 
fixed boundaries (Heinonen et al., 2007). In that case, essential questions are (i) to what degree do 136 
the alternative ESs overlap in the same area and (ii) what are the trade-offs for selecting one ES over 137 
another.  138 
 139 
Our purpose was to perform a case study to provide an example of implementing decision analyses 140 
of multiple ESs using grid-based forest inventory data. Particular aims were (i) to analyze the degrees 141 
of overlap and spatial arrangements of the ESs prioritized to their most feasible locations; (ii) to 142 
explain the occurrences of sites with a potential to provide multiple ESs with respect to forest 143 
structure; and (iii) assess the degree of tradeoffs for an unconstrained optimal solution due to 144 
decisions to preserve a fraction of the landscape to the production of selected ESs based on the 145 
information obtained. The prioritization workflow and information sources are discussed based on 146 
these experiences. 147 
 148 
2. Material and methods 149 
 150 




The study area is located in the southern boreal forest zone (approximately 61.23° N, 25.11° E; the 153 
map of the study area is presented as Figure A.1). The elevation is typically 125–145 m above sea 154 
level and mineral soils with gentle slopes prevail. The area of altogether > 7,500 ha is state-owned 155 
and a part of the Natura-2000 network of the European Union. The landscape mosaic consists of 156 
forests, mires, lakes and brooks. The total forest area of approximately 6,350 ha varies from 157 
intensively managed to semi-natural and natural forests. Nature reserves cover almost 700 ha. 158 
Altogether 62%, 34% and 4% of the pixels in the MS-NFI data of the area (see Section 2.2.) are 159 
dominated by Norway spruce (Picea abies L. [H. Karst.]), Scots pine (Pinus sylvestris L.) and a group 160 
of deciduous trees, respectively. Although birches (Betula spp. L.) constitute the majority of the 161 
deciduous trees, species such as aspen (Populus tremula L.), alders (Alnus spp. P. Mill.), willows (Salix 162 
spp. L.), and rowan (Sorbus aucuparia L.) are common in mixed stands and below the dominant 163 
canopy. Using forest types as site fertility classes according to Cajander (1926), altogether 0.2% of 164 
the sites could be classified as Oxalis-Maianthemum (herb-rich), 26% as Oxalis (rich mesic), 64% as 165 
Myrtillus (mesic), 9% as Vaccinium (sub-xeric), and 0.8% as Calluna (xeric) type. 166 
 167 
2.2 Overview of the analyses 168 
 169 
Our analyses were based on spatially identifying the level of supply of the ESs and prioritizing the 170 
land use with respect to the ES with the highest supply. The models of Table 1 were applied to 171 
produce pixel-wise proxies of the ESs, assuming those to convey the information required for the 172 
analyses. In Table 1, cultural services differ from the others, as the aim was to aggregately proxy the 173 
most popular forest recreational activities in Finland (Sievänen and Neuvonen, 2011). Although 174 
picking berries could principally be thought as a provisioning service, it is categorized as a 175 
recreational forest activity since due to everyman's rights, berry picking does not provide a similar 176 
market value for the forest owner than wood-based biomass, but the management of the forests 177 
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considerably differs between these services. Particularly, timber production is assumed to involve 178 
intensive management, which cannot be applied without restrictions unless losing recreational 179 
amenities. However, excluding clear-cutting, less intensive forestry may even improve these 180 
amenities and similar management practices may be applied with respect to both scenic values and 181 
berry yields (cf., Silvennoinen et al., 2002; Miina et al., 2016). Although the selection and division of 182 
the ESs (Table 1) may be further criticized, our analyses are expected to include the major ES 183 
categories, which need to be distinguished in land use planning with respect to forest management. 184 
 185 
The actual workflow involved four discrete steps described in detail in the following sections: 186 
- Obtaining the forest inventory data for the ES proxies (Section 2.3), 187 
- Computing the ES proxies (Section 2.4), 188 
- Converting the ES proxies to the same scale for the prioritization (Section 2.5), 189 
- Analyses of the obtained priority layers (Section 2.6), divided to those focusing on 190 
1. spatial overlaps between the individual ESs 191 
2. provisioning potential of multiple ESs with respect to the forest structure, and 192 
3. tradeoffs due to constraining a certain proportion of the pixels in the entire 193 
landscape for the production of a certain ES. 194 
 195 
2.3 Forest inventory data 196 
 197 
The required forest attributes were extracted from publicly available geospatial data. The MS-NFI 198 
data was the main source for all other attributes except the dominant height, which was derived 199 
using a model based on airborne laser scanning (ALS) data. The data were processed using the 200 
functions of ArcGIS, v. 10.3 (ESRI, 2014) and in-house scripts mainly based on the Geospatial Data 201 




The MS-NFI data were downloaded from the file service of the Natural Resources Institute Finland 204 
(2016), in which the forest attribute estimates for the entire Finland are available as thematic raster 205 
maps. We extracted the layers depicting site fertility, growing stock volume and biomass 206 
components by tree species, total basal area and mean diameter and height corresponding to those 207 
of the (basal area weighted) median tree. As described by Tomppo and Halme (2004) and Tomppo et 208 
al. (2008a, 2014), the layers had been produced using a k-nearest neighbor (k-NN) estimation 209 
method based on optimized neighbor and feature selection. The method used various satellite 210 
images from 2012–2014 and NFI field plot measurements from 2009–2013, which were updated to 211 
correspond the situation in mid-2013 using growth models. To increase the reliability of the data due 212 
to averaging the errors in the estimates, we re-scaled the original resolution of 16 x 16 m2 to 48 x 48 213 
m2 as the mean of 9 individual 16 m x 16 m pixels (see discussion related to this choice in Section 4). 214 
All non-forested areas such as roads, lakes, settlements and agricultural lands were masked out from 215 
the analyses, retaining altogether 27,575 pixels of 48 x 48 m2. 216 
 217 
The ALS data were downloaded from the file server of the National Land Survey of Finland (2015). 218 
The data were acquired on May 13, 2012. Leica ALS50 scanner was operated from 2,200 m above 219 
ground level in a multipulse mode, using a scanning angle of ± 20° and a ground footprint of 220 
approximately 50 cm. These parameters yielded a nominal data density of 0.65 pulses m-2. The data 221 
provider had pre-classified the ground points of the data. We normalized the vegetation heights 222 
with respect to a triangulated irregular network (TIN) formed from the ground points, using 223 
LAStools, v. 151130 (Isenburg, 2015). The ALS data were tessellated to the 48 x 48 m2 resolution 224 
corresponding to the MS-NFI data and pixel-wise estimates of the dominant tree height were 225 
computed using a model proposed by Kotivuori et al. (2016). Central characteristics of the MS-NFI 226 
and ALS data are presented in Table 2. 227 
 228 




2.4 The proxies of the ESs 231 
 232 
2.4.1. Biodiversity 233 
 234 
To describe the aggregated amount of potential ecological features in a pixel, layers depicting the 235 
maturity and stocking of the forest in different species and sites were derived based on the data. The 236 
volume and mean diameter of the growing stock were assumed to be related to the pixel-specific 237 
conservation value via species-specific sigmoidal transformation functions based on expert 238 
knowledge (Lehtomäki et al., 2015). Applying the functions yielded the highest conservation values 239 
for mature, densely stocked forests with a high proportion of deciduous trees. To derive the layers, 240 
we followed the workflow termed as “Coarse with classes” (Lehtomäki et al., 2015) as closely as 241 
possible. The main exception was that we did not try to estimate the mean diameter of each species, 242 
which was not available in the data, but applied a single sigmoidal function according to the 243 
dominant species and mean diameter of a pixel. 244 
 245 
An index layer determining the dominant tree species (pine, spruce, birch or other deciduous) was 246 
first generated by assigning the species with the highest proportion of growing stock volume as the 247 
dominant species of a pixel. For pixels with equal proportions of several species, the dominant 248 
species was determined as the species with the highest proportion in the neighborhood of 3 x 3 249 
pixels. A species-specific conservation value function (Lehtomäki et al., 2015) was selected according 250 
to the dominant species, applied to the mean diameter and multiplied by the species-specific 251 
volume of the growing stock to obtain an indicator of the conservation value of a pixel. These layers 252 
were re-classified into five classes based on the site fertility. As a result, altogether 20 layers with 253 




2.4.2. Timber 256 
 257 
Soil expectation value (SEV), i.e., the present value (€/ha) of the costs and revenues resulting from 258 
timber production when the management rotations are expected to continue in perpetuity, was 259 
used as the indicator of the pixel-wise timber production potential. The SEV was predicted using site 260 
fertility, growing stock and operational environment (temperature, interest rates and prices) related 261 
parameters as predictors in a model, which was fit based on average SEVs obtained from a very high 262 
number of simulated rotations, in which the stand treatments were optimized for timber production 263 
(Pukkala, 2005). All other predictors except the number of trees per hectare were readily available in 264 
the MS-NFI data, and its estimate was computed by dividing the total basal area by the mean 265 
diameter, i.e., assuming that the resulting number of average-sized trees existed in a pixel. The 266 
effective temperature sum was fixed to 1,300 degree days, but otherwise the SEVs were computed 267 
as averages of interest rates of 1–4% and combinations of saw-wood/pulpwood price (units in €/m3) 268 
of 30/15, 30/25, 40/15, 40/25, 40/35, 50/25, and 50/35, which are the same combinations as 269 
employed in the simulations of the model data (Pukkala, 2005). The final SEV per pixel is thus an 270 
average value of altogether 28 interest rate and price combinations. For pixels with more than one 271 
species, the SEV was computed as a weighted average according to the proportions of the species 272 
according to the suggestion by Pukkala (2005). 273 
 274 
2.4.3. Carbon 275 
 276 
The carbon storage of the forest was estimated by multiplying the total biomass with a conversion 277 
factor. The total biomass was computed by summing the estimates of individual biomass 278 
components (living and dead branches, stem and bark, stump, roots, foliage). Because the carbon 279 
content of woody matter (roots, stem and branches) and leaves (needles) is reported as 280 
approximately 50 % of their total biomass (Laiho and Laine, 1997; Thomas and Martin, 2012; IPCC, 281 
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2003), the total carbon storage (tonnes/ha) of a pixel was determined by multiplying the estimated 282 
total biomass by 0.5. 283 
 284 
2.4.4. Recreation 285 
 286 
Acknowledging that very different aspects likely constitute the recreational value of a forest for 287 
different people, we attempted to model a general suitability of the forest for recreation. Excluding 288 
activities that involved a sport pursuit or land ownership, berry picking and forest sightseeing were 289 
the most popular recreational nature attractions in Finland in 2010 (Sievänen and Neuvonen, 2011). 290 
Thus, our recreation layer is a composite of expert models for the suitability of a stand for bilberry 291 
(Vaccinium myrtillus L.) and cowberry (Vaccinium vitis-idea L.) picking (Ihalainen et al., 2002) and its 292 
visual amenity (Pukkala et al., 1988). The suitability of the pixels for each of these sub-activities was 293 
first predicted using the MS-NFI layers, the number of stems estimated as in Section 2.3.2., and the 294 
dominant height modeled from the ALS data as predictors of the respective models. The predictions 295 
were scaled between 0 and 1 and the final composite layer was obtained as a per-pixel maximum of 296 
the normalized values. Pixels with high suitability for one of the activities listed above thus obtained 297 
a high value in the resulting recreation layer. 298 
 299 
2.5 Scaling and prioritization of the ESs 300 
 301 
Although a number of alternative scaling approaches could be used, our analyses were based on the 302 
Zonation software, version 4.0 (Moilanen et al., 2014), due to its favorable features allowing 303 
analyses of information stored on single or multiple layers and built-in analysis and reporting tools. 304 
The Additive Benefit Function (ABF; Moilanen, 2007; Arponen et al., 2005) and Boundary Length 305 
Penalty (BLP; Moilanen and Wintle, 2007) modes of Zonation were used for non-spatial and spatial 306 




The ES  proxies were scaled between 0 and 1 by iteratively removing the pixels that caused the least 309 
marginal loss in the (weighted) ES proxy. Starting from the full set of pixels S, the marginal loss δ is 310 
computed for pixel i as (adapted from Arponen et al., 2005; Moilanen, 2007; Moilanen et al., 2014): 311 
𝛿𝑖 = 𝑤𝑗 ∑ [𝑅𝑗({𝑠}) − 𝑅𝑗({𝑠 − 𝑖})]
𝐽
𝑗=1 + 𝑝,   (1) 312 
where Rj() is a function measuring the representation of ES layer j in the set of remaining pixels s and 313 
s minus pixel i; s, i ∈ S; wj is the weight specified for ES layer j and p is the BLP term (see below). The 314 
pixel(s) with lowest δ are removed from the solution in each iteration and the priority value of the 315 
pixel removed as n:th is obtained as n/N, where N is the total number of pixels. The final 316 
prioritization maps were produced by removing 100 pixels at each iteration, as this accelerated the 317 
computations but did not affect the performance of the prioritization based on the initial tests.  318 
 319 
With respect to forest management, it may be feasible to aim at large treatment units, i.e., to 320 
propose a joint management prescription for a group of pixels, even if the solution for one or few 321 
pixels differs from this proposition. To examine the effects of diverging from the non-spatial solution 322 
due to aggregating, the analyses were alternatively run by adding the marginal loss (Eq. 1) with a BLP 323 
term: 324 
𝑝 = 𝛽 × Δ(𝐵𝐿 𝐴⁄ ),    (2) 325 
where β is a user-defined parameter for the magnitude of the penalty and ∆(BL/A) is the change in 326 
boundary length-area-ratio of the solution due to removing pixel i from the remaining set of pixels. If 327 
the removal of the pixel in question reduced the boundary length, ∆(BL/A) received a negative value 328 
and higher the value of β, the more the removal of such pixels was accelerated relative to their 329 
locally computed marginal loss. We ran the analyses using β values of 0 (non-spatial analyses), 0.01, 330 




All other ESs included in our analyses were composed of a single layer (i.e., j = J = wj = 1.0 in Eq. 1), 333 
except biodiversity, which included altogether 20 layers (see Section 2.3.1.). The biodiversity layers 334 
were weighted precisely according to the “Coarse with classes” workflow (see Appendix S1 of 335 
Lehtomäki et al., 2015). According to these weights, simultaneous occurrences of biodiversity 336 
features increase the conservation value of the pixel depending on the site fertility and dominant 337 
tree species. Each individual ES was prioritized in separate Zonation runs, yielding four maps with 338 
priority values between 0 and 1 according to the range of values in the initial layers. All other ESs 339 
were included in the runs with weights of 0.0, which did not influence the priority ranking but 340 
allowed calculating some reporting features (see Section 2.5.). However, we also included all the ESs 341 
in a single run to test balancing the allocation of the ESs in the entire landscape by considering their 342 
joint occurrences during the prioritization (cf., Moilanen et al. 2011). In this analysis, the weights of 343 
the ESs were determined assuming that timber production was particularly harmful for the 344 
provisioning of all other ESs. The SEV layer thus obtained a weight of -3, and all other ESs a weight of 345 
1, totaling to 0. This analysis resulted in a priority map, in which the highest values indicated 346 
suitability for the production of all other ESs and lowest values for timber production. Otherwise, the 347 
priority values were interpreted according to MAUT, i.e., the ES with the highest priority value was 348 
selected as the most suitable ES for the specific pixel.  349 
 350 
2.6 Analyses 351 
 352 
The spatial distribution and overlaps between the priority rankings were examined based on map 353 
and performance analyses. Among the reporting tools of Zonation (Moilanen et al., 2014), we used 354 
the landscape solution comparison and performance curves to determine the degree of overlap 355 
between two priority ranking maps. The performance curves, drawn during the pixel removal, show 356 
the fraction of the ESs represented in the landscape when the given proportion of pixels is removed 357 
from the solution and the removal is ordered according to the ES considered in the prioritization. We 358 
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were especially interested in whether a given percentage of the most important pixels of the 359 
different ESs overlapped and examined this degree based on various map analyses. The percentage 360 
of overlapping pixels and a Jaccard’s similarity index (cf., Arponen et al., 2012), determined by 361 




), were used as the evaluation criteria. The Jaccard index was particularly used 363 
for comparing the overlaps between the local and BLP-averaged solutions. 364 
 365 
In addition to the distribution of the individual ESs, we were interested in whether the ESs 366 
categorized in Table 1 occurred in same locations and whether the forest structure explained these 367 
occurrences. For this purpose, we computed the total Ecosystem Service Potential (ESP) as: 368 
𝐸𝑆𝑃 = (∑ 𝑝𝑘,𝑙
𝐾
𝑘 ) 𝐾⁄ ,    (3) 369 
where K was the total number of ESs (here 4) and pk,l the priority value of the k:th ES in pixel l. The 370 
ESP index thus obtained values between 0 and 1, 1 indicating that all ESs had high priorities within 371 
the pixel. We modeled the relationship between the ESP index and forest structural variables as a 372 




,    (4) 374 
where v was the forest structural variable considered as the predictor and a and b were model 375 
parameters estimated separately according to different dominant species and site types using R (R 376 
Core Team, 2016). We also split the continuous ESP to four classes indicating low to high 377 
occurrences of the multiple ESs and analyzed the variation of forest structural attributes in these 378 
classes. The classes were obtained according to the thresholds 0.25>ESP, 0.5>ESP≥0.25, 379 





Finally, we assessed the tradeoffs for optimal decisions due to allocating the provision of the ESs 383 
according to the priority rankings. Among the ESs considered, only SEV and carbon produced 384 
meaningful information when used as target functions in optimization, i.e., minimized or maximized. 385 
On the other hand, requirements to retain a certain proportion of the forest for biodiversity or 386 
recreation could be seen to constraint the optimal solution. It could particularly be assumed that no 387 
SEV from timber production could be obtained when a pixel was assigned for biodiversity or 388 
recreation, whereas the full value of the carbon storage was retained as if the pixel was managed for 389 
this ES. Following this logic, we first computed a tradeoff curve indicating the Pareto optimal 390 
production frontier by maximizing the SEV with the amount of carbon storage fixed to 1, 10, 20, …, 391 
90, 99% of its total value. The optimality losses due to assigning sites with the highest priority for 392 
biodiversity or recreation to carbon storage, regardless of their timber production potential, were 393 
compared with the optimized curve. Following the recommendations of Strimas-Mackey (2016) 394 
based on a comparison of alternative integer linear programming solvers, the optimization was 395 
implemented using R package glpkAPI (Gelius-Dietrich, 2015).  396 
 397 
3. Results 398 
 399 
The priority ranking maps obtained for the individual ESs are presented as Appendix B, while Figure 400 
1 shows the result of selecting the ES with the highest priority per pixel according to MAUT. It can be 401 
noted that both the selection (Figure 1) and the most or least important areas for the representation 402 
of the ESs in the landscape (Appendix B) formed aggregated, stand-like patterns even though the 403 
neighborhoods of the individual pixels were not considered. The landscape was further smoothed by 404 
penalizing the marginal loss function (Eq. 1) using the BLP (Figure 2). Using a BLP value of 0.01, in 405 
particular, the Jaccard index measuring the spatial overlap of similar pixels remained > 0.8 for all the 406 
ESs until the priority value level of 0.7 (Figure 2, above). Beyond that level, the BLP parameter 407 
altered the most important sites of all the ESs considered, having least effects on the priority ranking 408 
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of biodiversity (Figure 2, above). As expected, increasing the value of the BLP parameter reduced the 409 
spatial overlap (Figure 2, below). Due to the regular spatial arrangement of the priorities without the 410 
BLP, however, we only present results computed with BLP=0. 411 
 412 
[ FIGURES 1 AND 2 AROUND HERE ] 413 
 414 
When the management of the pixels was decided according to the ESs with the highest priority as in 415 
Figure 1, altogether 25.6%, 20.1%, 29.3%, and 25.0% of the pixels were allocated for biodiversity, 416 
carbon storage, recreation, and timber production, respectively. The difference in the priority values 417 
of the highest two ESs was ≤0.1, >0.1 but ≤0.2, and >0.2 in altogether 58.7%, 22.8%, and 18.5% of 418 
the pixels. The aforementioned categories had an average ± standard deviation of the highest 419 
priority values of 0.66 ± 0.28, 0.71 ± 0.21, and 0.76 ± 0.18, respectively. The decision on the most 420 
suitable ES may thus be considered uncertain for at least half of the pixels, but the uncertainty was 421 
more emphasized on pixels with lower priorities, on average, and less on the most important sites 422 
for the ESs considered. 423 
 424 
Figure 3 illustrates the decision to preserve the most important fraction of the landscape to the 425 
management of a specific ES, assuming that values of all ESs in the sites not selected were lost. 426 
Particularly, the y-axis of the diagram gives the fraction of the ES remaining, when the fraction of 427 
least important pixels indicated by the x-axis was removed from the entire landscape. A diagonal line 428 
from x=0 and y=1 to x=1 and y=0 would indicate an equal reduction of the ES values with the land 429 
area (or a random cell removal), whereas above or below diagonal lines indicate a slower or faster 430 
reduction, respectively. Figure 3 indicates that the ES values always reduced slower than the land 431 
area, when the pixels were removed according to the priority ranking of the selected ES, whereas 432 
the effects on the other ESs vary. Especially, a considerable proportion of biodiversity was lost, when 433 
the pixel removal was prioritized according to the other ESs, and its value was preserved only by 434 
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considering biodiversity in the prioritization of the pixel removal. Prioritizing the pixel removal 435 
according to recreation (Figure 3d) produces an interesting case for biodiversity, as its performance 436 
curve first sharply reduces, then stabilizes and finally results in the upper diagonal of the graph. 437 
According to the models (Table 1), old and mature stands produce high recreational values, but only 438 
those on fertile sites are most important for biodiversity. Thus, the progress of the prioritization 439 
from old and mature spruce forests to pine stands on poorer sites provides a credible explanation 440 
for the shape of the performance curves in Figure 3(d). Carbon storage and timber production 441 
performed similarly among themselves and had less benefit compared to biodiversity or recreation 442 
from being the objective of the prioritization. Balancing the allocation of the ESs in a single run 443 
especially retained a similar shape of the biodiversity curve as if it was the objective of the 444 
prioritization (Figure 4). 445 
 446 
[ FIGURES 3 AND 4 AROUND HERE ] 447 
 448 
The degree of overlap of the most important 10% and 30% of the pixels of each ES is presented in 449 
Table 3, while Figure 5 depicts the spatial distribution of these overlaps for the most important 30% 450 
of the pixels. Of the 10% and 30% most important sites for biodiversity, altogether 16.6–30.8% and 451 
46.8–50.1%, respectively, overlapped with similarly prioritized sites of the other ESs (Table 3). The 452 
respective figures were at the same level for recreation (25.5–30.8% and 45.5–52.5%), but higher for 453 
carbon storage and timber production. Especially, the 10% and 30% of the most important sites for 454 
carbon storage and timber production had a mutual overlap of 66.5% and 78.0%, respectively. When 455 
the services that formed the recreation layer, i.e., berry yields and visual amenity, were prioritized 456 
separately, the individual services had a lower or an equal level of overlaps with biodiversity than 457 
the composite layer. The sites suited for bilberry picking had a higher overlap with sites suited for 458 
carbon storage and timber production, while the most important sites for cowberry picking had 459 
practically no overlaps with any other ESs except a low degree of coincidences with those modeled 460 
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as visually pleasant. Figure 5 adds the information of Table 3 in that the sites important for 461 
biodiversity and recreation, which had no overlaps with other services, were not scattered but often 462 
formed aggregates of several pixels. The most important sites for carbon storage and timber 463 
production were especially overlapped in both the eastern and western parts of the study area 464 
(Figure 5). 465 
 466 
[ TABLE 3 AND FIGURE 5 AROUND HERE ] 467 
 468 
The overlaps of the multiple ESs in the landscape (Figure 5) could be explained to a large degree by 469 
relating the ESP index with forest structure. Especially, the condensations of multiple ESs could be 470 
clearly distinguished in terms of size-related forest attributes (Figure 6a–d) as being emphasized in 471 
sparsely populated old forests with large average tree size. The median values of mean age, mean 472 
diameter, dominant height, and number of trees were 78.5 years, 27.3 cm, 29.2 m, and 475 ha-1 in 473 
the ESP4 category, whereas the respective figures in the ESP1 category were 36.8 years, 13.0 cm, 9.5 474 
m, and 1057 ha-1. Also, the ESP4 category often had less occurrences of separate species (Figure 6e), 475 
a higher proportion of dominant species (Figure 6f; a median value of 73.3% in the ESP4 category vs. 476 
46.0% in ESP1) and a stronger dominance of the coniferous tree species (Figure 6g–h). Figure 7 477 
further depicts the joint effects of stand maturity, species and site fertility to the ESP. The highest 478 
values (ESP ≥ 0.9) were reached in spruce and pine dominated stands on herb-rich to mesic sites 479 
with the total volume of the growing stock ≥ approximately 300 m3/ha. Occurrences of up to 2–3 ESs 480 
(0.75>ESP≥0.25) were met in deciduous forests, less stocked coniferous stands or those growing on 481 
poorer sites (Figure 7). 482 
 483 




Allocating the landscape to the management of the multiple ESs according to the local priorities of 486 
the ESs always resulted in sub-optimal choices compared to the optimized production of carbon and 487 
timber. Figure 8 illustrates the degree of tradeoffs due to constraining the production on a given 488 
percent of the landscape and particularly an increasing proportion of tradeoffs for optimized timber 489 
production according to a higher fraction of landscape allocated for alternative ESs based on the 490 
priority maps. A numerical example produces more information on the magnitude of the tradeoffs 491 
(below, sites with priority ≥ 0.9 are considered most important for biodiversity or recreation): 492 
 90% of the landscape for timber production: When the remaining 10% was selected from the 493 
Pareto optimal production frontier, altogether 76.6% or 80.2% of the most important sites 494 
for biodiversity or recreation, respectively, were lost. When the same 10% fraction was 495 
selected based on the priority maps, the SEV was 97.4% or 96.6%, respectively, of the 496 
optimized solution. 497 
 10% of the landscape for timber production: When the remaining 90% was selected from the 498 
Pareto optimal production frontier, altogether 7.7% or 10.4% of the most important sites for 499 
biodiversity or recreation, respectively, were lost. However, selecting the 10% timber 500 
production sites as those least important for biodiversity or recreation resulted in an SEV of 501 
only 54.5% or 53.6%, respectively, of the optimized solution. 502 
 503 
Allocating the land for the ESs with the highest priority per pixel as in Figure 1 resulted in one of the 504 
least effective solutions (Figure 8). Although the example suggests that the joint production of the 505 
ESs cannot be effectively decided based on the local priorities, it is noted that weighting the 506 
opposing ESs properly might provide a compromise between the use of the priority maps and global 507 
optimization. For instance, using the balanced weighting (cf., Section 2.4.; Figure 4) to allocate a half 508 
of the landscape for timber production and the other half for the other ESs, only altogether 4.7% or 509 
7.8% of the most important sites for biodiversity or recreation, respectively, were lost while 510 
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providing as much as 89.8% of the SEV compared to the solution, in which the timber production 511 
was optimized retaining 50% of the most important sites for carbon. 512 
 513 
[ FIGURE 8 AROUND HERE ] 514 
 515 
4. Discussion 516 
 517 
The presented approach integrated RS-based forest inventory data and expert models for spatially 518 
explicit decision analyses of the ESs listed in Table 1. Our analyses were, to a high degree, based on 519 
using indirect proxies, which were assumed to spatially identify the areas with a high supply of the 520 
ESs. The use of the proxies is criticized in the literature (Eigenbrod et al., 2010). Especially, a number 521 
of other ecosystem services may benefit from or depend on biodiversity-related characteristics 522 
(Harrison et al., 2014), the related linkages and criteria being currently incompletely understood (de 523 
Groot et al., 2016). The use of the indirect proxies may be seen as a weakness of our approach, 524 
whereas the MAUT-based valuation, which allowed a direct use of these proxies without the 525 
requirement for conversion to monetary values, is expected to reduce the uncertainties between 526 
the decisions. Unlike in the study of Sani et al. (2016), we obtained this information without expert 527 
(or stakeholder) involvement using existing models. Whether the preferences of the stakeholders 528 
toward the ESs were known, incorporating them in the analyses would have been straightforward 529 
based on the techniques reviewed by Uhde et al. (2015) and Pukkala et al. (2014). The preferential 530 
information would further allow solving conflicts between the ESs with highest overlaps such as 531 
using the forest for timber production or carbon storage. As an alternative to applying models of 532 
Table 1 and re-scaling the values, the total ES potential (cf., Figure 6) could readily be modeled as a 533 
sigmoidal function, which could principally be operated at the level of individual trees similar to the 534 
functions for determining the conservational or economic potential as in Lehtomäki et al. (2015) and 535 




According to our results, the assessment and prioritization of the ESs produced by a typical 538 
Scandinavian boreal forest (Table 1) can be implemented based on existing models and publicly 539 
available forest inventory data. However, our results also suggest that by roughly preserving a 540 
certain percentage of the sites with highest priority from commercial forest management may not 541 
be an appropriate strategy with respect to a joint production of multiple ESs. According to the trade-542 
off analysis (Figure 7), prioritizing ESs based only on local considerations using the priority maps may 543 
lead to high levels of tradeoffs without guaranteeing adequate levels of potential global criteria such 544 
as timber production for the entire planning area. Rather, Figure 7 should be interpreted as the 545 
interval of ES production levels that are possible, from which the most preferred one(s) according to 546 
the decision makers’ preferences could be determined using techniques such as goal programming 547 
or penalty functions (Pukkala, 2008). Nevertheless, the workflow described in this paper produces 548 
potentially valuable information on the overlaps and tradeoffs for these processes. 549 
 550 
To obtain prioritized ES maps, we followed a similar workflow that was earlier used to plan nature 551 
conservation (Lehtomäki et al., 2009, 2015) and alternative land uses (Moilanen et al., 2011), when 552 
maintaining high conservation value was the main criterion for the land use prioritization. The 553 
biodiversity prioritization maps are assumed to correspond those obtained in another region in 554 
Finland (Lehtomäki et al., 2015), because the same workflow was replicated as closely as possible. 555 
When the production potential of the alternative ESs was considered, altogether 17–49% of the 556 
most important sites for managing biodiversity were found to overlap with sites evaluated as equally 557 
important for the provisioning of alternative forest ESs. However, the overlaps between biodiversity 558 
and other ESs were lower compared to recreational use (overlaps of 26–53% with other ESs) and 559 
especially timber production and carbon storage (67–78%). In an earlier study, Moilanen et al. 560 
(2011) found a considerably lower degree of overlaps between alternative ecosystem services, when 561 
biodiversity conservation, carbon storage, agricultural value and urban development were 562 
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prioritized in Great Britain. Yet, higher overlaps could be expected when focusing specifically on 563 
alternative forest ESs. In this sense, our results can be compared to Triviño et al. (2015), who 564 
considered only timber and carbon, but observed a similar level of overlaps between these ESs in 565 
mature and spruce dominated forest stands.  566 
 567 
Our results are based on a landscape of altogether 7,500 ha. The values in the priority ranking maps 568 
vary between 0 and 1 according to the range of the ES proxies (Table 1) within this area, i.e., the 569 
same range of priority values is obtained even if the value of a certain ES is not very high compared 570 
to other areas. Although this is in line with our objective to produce instructions that can be 571 
implemented operationally for improving the management of the given forest property, it should be 572 
taken into account in comparisons with other studies. For instance, our results are at first glance in 573 
conflict with those obtained by Gamfeldt et al. (2013), who proposed the number of species as the 574 
main driver of occurrences of multiple ESs following an analysis carried out in Sweden. However, 575 
their results were based on data from an area of 400,000 km2, along which the forest vegetation 576 
changes from tundra-like to boreo-nemoral. Most likely, both the increased number of species and 577 
values of the ES proxies were related to the change in the vegetation zone. When focusing on an 578 
operational management planning scale, in which the vegetation zone is fixed, our results suggest 579 
that the total ES potential depends jointly on species, site fertility, and maturity as indicated in 580 
Figures 5 and 6. Our analyses were carried out in an area belonging to the Natura-2000 network and 581 
expected to be rich in terms of the provisioning potential of all the ESs considered. However, as the 582 
importance of the ESs, their relationships with the forest structure, and balance between the 583 
demand and supply of the ESs (cf., García-Nieto et al., 2013) vary, our conclusions should not be 584 





Although we believe that the analysis described above illustrates the maximum tradeoffs for single 588 
vs. multiple ESs, we acknowledge that a high degree of simplification is included in the analysis. 589 
Especially, the production constraints to preserve a site for biodiversity or recreation were assumed 590 
to prevent timber production but maintain the full carbon storage, which may not be true in 591 
practical forestry. Instead, the management rotations of recreational sites in particular may involve 592 
thinning-type of cuttings that provide SEV and even improve the visual amenity (Silvennoinen et al., 593 
2002) or berry yields (Miina et al., 2016). Further, whether one had been interested in carbon 594 
sequestration in addition or instead of carbon storage (cf., Triviño et al., 2015), the development of 595 
models for the carbon pools of soil organic matter (e.g., mortality of trees, litter production, 596 
residuals of harvested trees and decomposition of organic materials) and life cycles of the wood 597 
products (e.g., harvested timber assortments and releases of harvesting, transporting and 598 
manufacturing) would have been needed (Pukkala, 2014). However, effects of various silvicultural 599 
systems to the production potential of the ESs can be derived from the study of Pukkala (2016), 600 
while Triviño et al. (2015) and Frank et al. (2015) provide analyses that involve simulations of future 601 
management rotations to study landscape or regional level potential of biomass and alternative ESs. 602 
 603 
It is a recognized problem that the ES maps produced vary depending on the mapping technique 604 
(Schulp et al., 2014; Räsänen et al., 2015). Also in our analyses, the uncertainties involved in the data 605 
are, to a high degree, ignored. In the absence of field validation data, it is assumed that all inventory 606 
and model errors compensate each other and do not accumulate in the ES proxies, which is unlikely 607 
realistic. However, by testing the corresponding analyses in the original 16 x 16 m2 resolution, we 608 
observed that the models of Table 1 produced unrealistic values for a number of pixels which then 609 
propagated to the ES priority estimates. By aggregating the data to the 48 x 48 m2 resolution, no 610 
similar tendencies were observed and errors in the initial forest attribute estimates were likely 611 
reduced due to averaging. Although both the original (Kilpeläinen et al., 2016) and aggregated 612 
(Arponen et al., 2012; Lehtomäki et al., 2015) resolutions have been tested, based on the 613 
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experiences described above, we recommend using only aggregated estimates. Nevertheless, the 614 
accuracy of the model estimates should also be verified with calibration data. 615 
 616 
Overall, a compromise needs to be made between data acquisition costs and the uncertainty in the 617 
estimates. Our results are based on assessing the ESs based on publicly available forest data, which 618 
is highly feasible from the practical point of view. Whether resources for collecting calibration data 619 
for the purposes discussed above existed, the uncertainty of the models could be estimated and 620 
incorporated in the decision making. Since some of the forest attributes included in the existing 621 
models are difficult to observe based on RS, better results would likely be obtained by directly using 622 
the RS-based features to model the suitability of the forest for the ESs as determined in the field. 623 
Particularly, three-dimensional (3D) RS data have earlier been found to provide better estimates of 624 
biomass-related attributes (Kankare et al., 2015) and vegetation structure indices directly related to 625 
forest ecological attributes (see, Maltamo et al., 2014). Formulating suitability models for the ESs 626 
based on the 3D RS vegetation indices, as already proposed by Andrew et al. (2014) and Corona 627 
(2016), is among our future interests. 628 
 629 
5. Conclusions 630 
 631 
The applied workflow produced a realistic, spatially explicit description of the production 632 
possibilities of multiple ESs in the landscape tessellated to a resolution of 48 x 48 m2. The priorities 633 
of the ESs formed aggregated, stand-like spatial patterns, even though the neighborhoods of the 634 
individual pixels were not considered in the prioritization. According to the models (Table 1), the 635 
maturity and stocking increased the joint potential of the ESs. Overlaps were found especially 636 
between timber production and carbon storage, which did not set weight for species composition 637 
and site fertility similar to recreation and especially biodiversity. Higher priorities of biodiversity 638 
were observed in richer fertility types and deciduous forests, while poorer and pine-dominated 639 
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forests were preferred for recreational use. Information for identifying the overlapping and non-640 
overlapping sites was obtained without expert involvement, but based on models existing in the 641 
literature. Applying the models on publicly available, spatially explicit data produced a feasible 642 
priority mapping of the ESs in the landscape, which is somewhat useful information even if the 643 
stakeholders’ preferences are unknown.  644 
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Table 1. Forest ecosystem services considered by our study, categorized according to MEA (2005). 907 
Category Example service (indicator; unit) 
Stand-level forest attributes used for 
modeling the indicator values (citation) 
Supporting service 
Biodiversity management 
(conservation value based on 
expert opinion; index value) 
Species composition, mean diameter, 
growing stock volume, site fertility 
(Lehtomäki et al., 2015) 
Provisioning service 
Timber production (soil 
expectation value; €/ha) 
Mean diameter, basal area, age, site 
fertility, species-specific growing stock 
volume, number of trees, operational 
environment (temperature, interest rate, 
timber prices) (Pukkala, 2005) 
Regulating service 
Carbon storage (estimated 
amount of carbon; t/ha) 
Total biomass converted to carbon (IPCC, 
2003) 
Cultural service 
Recreational value (recreational 
amenity and suitability for berry 
picking; index values) 
Mean diameter, basal area, age, 
site fertility, species-specific growing 
stock volume, number of trees (Pukkala 
et al., 1988; Ihalainen et al., 2002) 
   908 
  909 
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Table 2. Central characteristics of the forest inventory data for the 27,575 pixels considered in the 910 
analyses. SD – standard deviation. 911 
 912 
Attribute Mean SD Range 
Total volume, m3/ha 193.0 66.6 0 – 442 
  - Pine volume, m3/ha 65.7 37.0 0 – 212 
  - Spruce volume, m3/ha 94.6 69.8 0 – 372 
  - Deciduous volume, m3/ha 32.7 18.1 0 – 132 
Total biomass, t/ha 131.4 42.0 0 – 274 
Basal area, m2/ha 21.7 5.6 0 – 35 
Age, years 58.0 17.3 1 – 115 
Diameter, cm 20.1 5.5 0 – 35 
Dominant height, m 20.1 7.2 3 – 35 
 913 
  914 
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Table 3. Spatial conflicts between the ESs as the percentage of the overlapping pixels. The upper-915 
right and lower-left fields, with respect to the diagonal marked by asterisks (**), present the values 916 
for the most important 10% and 30% of the pixels, respectively. 917 
 918 
ES Biodiversity Timber Carbon Recreation 
Biodiversity ** 16.6 24.4 30.7 
Timber 46.8 ** 66.5 25.5 
Carbon 48.8 78.0 ** 30.8 
Recreation 50.1 45.5 52.5 ** 
 919 





Figure 1. The most suitable ES selected according to the highest priority value per pixel. 923 
 924 
 925 
  926 
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Figure 2. Effects of applying Boundary Length Penalty (BLP) in Eq. 1 to the priority values of the ESs 927 
in the entire landscape. Above: the spatial overlap of pixels with the top priority fraction given in the 928 
x-axis between the non-spatial and spatial solution using a BLP value of 0.01. Below: the mean and 929 





Figure 3. Effects of prioritizing the management of the landscape according to an ES to all the ESs 933 
considered. The y-axis shows the proportion of the ESs remaining, when the pixels are prioritized for 934 
the ES indicated in the title of each subplot and a fraction of least important pixels indicated by the 935 
x-axis is removed from the full landscape. 936 
 937 
  938 
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Figure 4. Performance curves corresponding to Figure 3, when the allocation of the ESs was 939 
balanced and included in a single run. 940 
 941 
  942 
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Figure 5. Spatial distribution of the most important 30% of the sites for the ESs. 943 
 944 
 945 
  946 
46 
 
Figure 6. The distribution of mean age (a), mean diameter (b), dominant height (c), number of trees 947 
per hectare (d), number of individual species (e), and proportions of dominant (f), coniferous (g) and 948 
deciduous species (h) in Ecosystem Service Potential (ESP) classes given in the x-axis. Altogether 59 949 





Figure 7. Pixel-wise ESP values as a function of the stem volume in the entire data (a) and pixels 953 
dominated by pine (b), spruce (c) and deciduous species (d). The lines indicate the fit of Eq. 4 based 954 
on the estimated values of a and b according to the site fertility classes (OMT – Oxalis-Myrtillus type, 955 
MT – Myrtillus type, VT – Vaccinium type, CT – Cladonia type). Eq. 4 was not fit for VT in (d) due to 956 





Figure 8. Tradeoffs between the ESs in the landscape, illustrated as alternative production levels of 960 
timber and carbon storage. The curves were produced selecting the timber production sites in 961 
different ways as the X% of the least important pixels, where the character symbols indicate X in 962 
10% intervals. “Optimized” refers to the optimized selection of the timber production sites with a 963 
constraint to retain X% of the most important sites for carbon storage. “Selected” and “Balanced” 964 
refer to the corresponding selection according to the priority maps derived for biodiversity or 965 
recreation (curves overlap) and using the balanced weighting (Section 2.4.), respectively. The 966 
asterisk (*) shows the position of the most suitable ES selected according to the highest priority 967 
value per pixel (cf., Figure 1). 968 
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